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Department of Vascular Surgery and Interventional Radiology, St. George's Hospital Medical School, London, U.K. 
Objectives: To investigate the predictive value of laser Doppler fluxmetry and transcutaneous oximetry in 41 patients 
undergoing technically successful revascularisation for severe leg ischaemia. 
Design: Toe and ankle systolic arterial pressures, transcutaneous oxygen tension (tcp02), and stressed laser Doppler 
fluxmetry at the foot (time to peak laser Doppler flux following 2 rain arterial occlusion, tp LDF, and the response of LDF 
to raising the leg 40 cm, the elevated:supine LDF ratio) were measured before revascularisation. Six months later these 
measurements were compared in those patients who were clinically improved, and those who still had symptoms of severe 
ischaemia or had lost their limb. 
Setting: Vascular Laboratory, St. George's Hospital, London SW17, U.K. 
Results: Six months following revascularisation 30 (73%) of the 41 patients had partial or complete symptomatic relief. 
Six (15%) had undergone major amputation and five (12%) still had symptoms ofsevere ischaemia. Before intervention toe 
and ankle systolic pressures were similar in the 30 who were improved and the 1I who had lost, or were still at risk of Io~ing, 
their leg. Pre-revascularisation tcpOz was significantly lower (18.3mm Hg vs 33.5mm Hg; p < 0.05) and tp LDF 
significantly longer (140 s vs 92 s; p < 0.05) in the 11 patients who were not clinically improved at 6 months. Whilst pre- 
revascularisation toe and ankle pressures below 30 mm Hg and 50 mm Hg respectively identified only 55% of those patients 
who were not improved 6 months later, a tp LDF in excess of lO0 s identified 82% (p < 0.05) and was noted in five of the 
six amputees. 
Conclusion: Microcirculatory assessments performed in patients with limb-threatening ischaemia re likely to be more 
deranged in those patients who suffer clinical failure or amputation despite an apparently successful revascularisation 
procedure. 
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Introduction 
The majority of patients uffering severe leg ischaemia 
now undergo attempts at revascularisation. Such 
procedures are expensive, time-consuming and may 
not save the limb. Any method which predicts the 
ultimate success or failure of such procedures may 
allow more appropriate management. Prospective 
studies suggest hat arterial pressure measurements 
are of little prognostic use. 1-3 Whilst transcutaneous 
oximetry has been shown to be of some value in 
predicting spontaneous healing of amputation sites or 
ischaemic ulcers, 44 the use of microcirculatory assess- 
ments before revascularisation has not previously 
been evaluated. The aim of this prospective study was 
to assess whether a group of patients could be 
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identified who, despite having potentially reconstruct- 
able disease, were at higher risk of clinical failure. 
Patients and Methods 
Forty-five patients undergoing surgical reconstruction 
or percutaneous transluminal angioplasty (PTA) for 
ischaemic rest pain, ulceration or digital gangrene 
(Fontaine stages III and IV) were recruited over a 3 
month period. One patient had a failed attempt at PTA 
and three had extensive gangrene involving the 
forefoot precluding microcirculatory assessments. The 
remaining 41 patients had technically successful pro- 
cedures, i.e. preoperative completion arteriogram was 
satisfactory, or any residual stenosis at the site of 
balloon dilatation was less than 30% normal luminal 
diameter. The mean age of the 41 study patients was 
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72.0 years (range 43-89 years). Twenty-two were male 
and 16 (39%) were diabetic. Twenty-three had surgical 
revascularisation and 18 had PTA. Resting ankle- 
brachial pressure indices were all below 0.90. On the 
day befOre revascularisation, on-invasive vascular 
measurements were performed in the vascular labo- 
ratory after a 15 min period of rest. 
Toe- and ankle-brachial pressure indices 
Toe and ankle systolic arterial pressures were meas- 
ured using appropriately sized cuffs (Hokanson, 
Perimed, U.K.) connected to an aneroid sphygmoma- 
nometer (Accoson; Abbey Surgical Ltd, Mitcham, 
U.K.). Pulsatile flow at the toe was detected using a 
photoplethysmograph (PPG-Vasculab, Medasonics, 
Mountain View, CA, U.S.A.) sensor attached to the toe 
pulp. The ankle systolic pressure measured using this 
method has been shown to be similar to that measured 
when using a Doppler flowmeter. 7 Pressures were 
expressed in absolute terms as well as indices after 
measuring brachial systolic arterial pressure with an 
arm cuff and Doppler ultrasound flowmeter (Mini 
Dopplex D500; Huntleigh Technolog)4 Cardiff, U.K.), 
and ankle-brachiat pressure indices were repeated 24 h 
following revascularisation. 
Transcutaneous oximetry 
A Hewlett-Packard 78850A oxygen monitor was used 
with the transducer attached to the skin overlying the 
fifth metatarsal and heated to 44.5°C. Resting tcpO2 
was recorded after the reading had been consistent for 
5 min. 
Resting and stressed laser Doppler fluxmetry 
Total microcirculation was measured by laser Doppler 
flux (LDF), :on the dorsum of the foot. The unheated 
probe of a Periflux PF2B laser Doppler fluxmeter 
(Perimed U.K., Ipswich, U.K.) was attached with the 
centre 4cm proximal to the base of the second toe. 
Flux output was filtered at 4 kHz and time constant 
3 s and recorded on a Toshiba 2000 Sxe portable 
computer with software analysis programme (Peri- 
soft; Perimed U.K., Ipswich, U.K.). Resting LDF was 
calculated with reference to the "electrical zero", the 
value recorded when shining the laser at a polyacetyl 
block which gives a scattering cross-section similar to 
that of human skin. An ankle cuff was then inflated to 
100 mm Hg above systolic arterial pressure for 2 min 
followed by rapid deflation. The subsequent reactive 
hyperaemia was monitored for the next 5 min and the 
time to peak LDF following reperfusion determined. 
Once resting LDF had been regained the foot was 
raised 40 cm from the horizontal position for 2 min. 
LDF was remeasured and an elevated:supine ratio 
calculated. 
Follow-up and statistical nalysis 
All 41 patients were seen 6 months following revascu- 
larisation, at which time continuing patency was 
ascertained by direct imaging using Duplex ultra- 
sound or arteriography. The non-invasive measure- 
ments recorded prior to the procedure were analysed 
with respect to whether the patient was clinically 
improved (relief of rest pain, partial or complete 
healing of ulceration) or not (rest pain present, 
maximum ulcer diameter unchanged, major amputa- 
tion) at interview. The need for further revascularisa- 
tion procedures during the follow-up period was 
noted, but not taken into consideration for analysis. 
All statistical analyses were performed using a 
specific software package (Clinstat; Dr J.M. Bland, 
Dept. of Biostatistics, St. George's Hospital Medical 
School, London, U.K.). Normally distributed ata was 
analysed using the Student wo-tailed t-test. The Chi- 
squared test, with Yates correction where appropriate, 
was used to compare proportions. 
Results 
Twenty-four hours following revascularisation a kle- 
brachial pressure measurements were increased by 
0.15 or more following 19 of the 23 surgical procedures 
and following six of the 18 percutaneous procedures. 
Six months following revascularisation 30 (73%) of 
the 41 patients were clinically improved and six (15%) 
patients had required a major amputation following 
graft occlusion. Of the five patients (12%) who still had 
symptoms of severe ischaemia four had undergone 
PTA, and restenosis had been arteriographically dem- 
onstrated in two. Three of the 11 patients who had 
failed to improved clinically had haemodynamic or 
arteriographic evidence of continued patency after 6 
months. Table 1 compares ome pre-revascularisation 
characteristics and haemodynamic parameters in the 
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Table 1. Pre-treatment characteristics and haemodynamic measurements (mean + S.D.) of 41 patients undergoing revascularisation for 
severe leg ischaemia in relation to clinical outcome 6months later. 
Clinically improved (n=30) Clinically no better (n=11) p 
Age (years) 72.3 (9.7) 
Diabetes (%) 13 (43) 
Ankle-brachial pressure index 0.35 (0.24) 
Toe systolic pressure (mm Hg) 19.4 (20.4) 
Elevated:supine LDF ratio (%) 67.6 (25.5) 
Time to peak LDF(s) 92 (57) 
Transcutaneous pO 2 (mm Hg) 33.5 (18.7) 
71.2 (13.9) NS 
3 (27) NS 
0.27 (0.27) NS 
20 (20.8) NS 
57.5 (14.9) NS 
140 (61) 0.02 
18.3 (25.3) 0.04 
patients with symptomatic relief and those with a 
threatened or amputated limb at 6 months. Mean toe 
and ankle pressure measurements before intervention 
were similar in both groups, with five of the 11 
patients who failed to respond clinically to revascular- 
isation having toe and ankle systolic pressures in 
excess of 30 mm Hg and 50 mm Hg respectively. By 
contrast, mean resting tcpO2 was significantly lower 
(t = 2.09, 39 d.f., p = 0.04), and the mean time to peak 
LDF following 2 rain arterial ischaemia significantly 
longer (t = 2.35, 39 d.f., p -- 0.02), in the patients who 
had not responded to revascularisation. The trend of 
more deranged laser Doppler fluxmetry in those 
failing to respond was observed in both diabetics 
(time to peak LDF 79 s vs 183 s; elevated:supine LDF 
ratio 72% vs 54%) and non-diabetics (time to peak LDF 
96 s vs 116 s; elevated:supine LDF ratio 60% vs 
55%). 
The six patients who underwent major amputation 
during the 6 month follow-up had all undergone 
surgical bypass. Although systolic arterial pressures 
were similar before revascularisation in these six and 
the 35 patients who had not suffered limb loss (mean 
ankle-brachial pressure index 0.33 vs 0.34; mean toe 
systolic pressure 22 mm Hg vs 21 mm Hg), the time to 
peak LDF was significantly longer in the amputees 
(130 s vs 101 s; t = 2.12, 39 d.f., p = 0.04). 
Table 2 summarises the correlation of accepted 
thresholds for severe ischaemia of toe and ankle 
systolic pressure and transcutaneous oximetry, as well 
as arbitrary thresholds of stressed LDF, with the 
clinical outcome 6months following revascularisation. 
Whilst systolic arterial pressure thresholds identified 
only 55% of patients who had not been improved, a
resting tcpO 2 measurement of less than 30 mm had a 
sensitivity of 73%. The most accurate test in predicting 
the clinical response to revascularisafion was pre- 
intervention stressed laser Doppler flux tests; a time to 
peak LDF following a 2 min arterial occlusion in 
excess of 100 s correctly identified nine of the 11 
patients who had not responded clinically 6 months 
later (Chi-squared =4.79, 1 d.f., p -- 0.03), and five of 
the six patients who had required major amputation. 
Conversely, 17 of the 19 patients with a time to peak 
LDF less than 100 s were clinically improved 6months 
later. 
An elevated:supine LDF ratio below 60% was also 
noted in seven of the 11 patients who did not respond 
clinically, including the two whose time to peak LDF 
was less than 100 s. A ratio greater than 60% before 
revascularisation was noted in 21 patients, 17 of whom 
enjoyed symptomatic relief 6 months later. 
Discussion 
Measurements of blood flow or perfusion pressure are 
now established in the management of peripheral 
vascular disease and may be useful in predicting the 
natural history of leg ischaemia. Systolic arterial 
pressure measurements of 30mm Hg or more at the 
toe and 50 mm Hg or more at the ankle are associated 
Table 2. The correlation of macro- and microcirculatory parameters with failure to improve clinically 6 months following arterial 
revasculafisation. 
Positive Negative 
Sensitivity Specificity predictive value predictive value 
(%) (%) (%) (%) p* 
Toe systolic pressure <30 mm Hg 55 
Ankle systolic pressure <50mm Hg 55 
Elevated:supine LDF ratio <60% 64 
Time to peak LDF >100s 82 
Trancutaneous pO 2 <30mm Hg 73 
27 21 62 NS 
63 35 79 NS 
55 35 81 NS 
57 41 89 0.03 
50 35 83 NS 
*Chi-squared test of sensitivity/specificity. 
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with spontaneous healing of ischaemic ulcers. 8'9 
Approximately 50% of patients with ischaemic rest 
pain or ulceration have systolic arterial pressures in 
excess of these measurements. 1-3 However, Tyrell and 
Wolfe have shown that these patients are just as likely 
to suffer graft occlusion or amputation following 
reconstruction. 1 This is similar to the results of our 
study in which five of the 11 patients who failed to 
respond clinically to technically successful revascular- 
isation had toe and ankle systolic pressures above 
these limits before intervention. Although ABPI meas- 
urements 24 h following the 41 procedures were not 
improved by 0.15 or more in 16 (39%) of the study 
group it has already been demonstrated that such an 
increase is not observed in up to 50% of otherwise 
successful PTA procedures, 1°'11 and that maximal 
improvement in ABPI may take up to 1 month. 12 We 
therefore relied on completion arteriography to deter- 
mine whether a procedure could be deemed initially 
successful. Only one other patient during the recruit- 
ment period had a failed attempt at angioplasty. This 
reflects careful selection criteria and digital subtrac- 
tion imaging to prevent unnecessary and prolonged 
attempts at revascularisation. Microcirculatory assess- 
ments in those patients who could not have recon- 
struction were deemed to be irrelevant to the purposes 
of this study. 
The poor predictive value of pressure measure- 
ments may be partly attributed to the inclusion of 
patients with medial sclerosis causing falsely elevated 
values. Up to 50% of diabetic men over the age of 40 
years have calcified arteries 13 and in 5-10% cuff 
compression is prevented. In an unknown proportion 
of the remainder cuff occlusion pressures may be up to 
100mm Hg higher than the true arterial systolic 
pressure. 13 However, Thompson at al. found no 
difference in the outcome of 133 non-diabetics with 
severe limb ischaemia and ankle systolic pressures 
either greater or less than 50mm Hg 2. Although 
digital arteries are less prone to diabetic calcification, 
we did not find toe systolic pressure measurements to 
be any better than ankle pressure measurements in 
predicting the response to revascularisation. 
Another hypothesis for the disappointing predictive 
ability of pressure measurements is that they merely 
reflect perfusion of blood through large vessels, and 
do not account for the complex microcirculatory 
changes in the skin accompanying critical ischaemia. 
This is particularly pertinent in diabetics and those 
with small vessel disease, and exemplifies Pellegrino's 
lament 30 years ago that "Investigators seem to have 
settled for what is measurable instead of measuring 
what they would really like to know". 14 In this regard 
parameters of haemodynamic function nearer at the 
level of capillaries and small arterioles may correlate 
better with the symptoms and prognosis of patients 
with severe peripheral arterial ischaemia than pres- 
sure measurements in the larger vessels of the leg. 
Transcutaneous oximetry is a useful adjunct o the 
investigation of the severely ischaemic limb. Resting 
tcpO2 measurements below 30 mm Hg are associated 
with non-healing ulcers and amputation stumps 4~ 
and may be found in patients with symptoms of 
severe ischaemia despite relatively high ankle systolic 
pressure measurements. For example, in the study by 
Jacobs et al. of 54 patients with Fontaine stage III or IV 
peripheral ischaemia, all had resting tcpO2 measure- 
ments below 30ram Hg but 25 had ankle systolic 
arterial pressures in excess of 50 mm Hg. 3 Since there 
was no difference in tcpO2 measurements between 
these patients and the 29 with ankle pressures in 
excess of 50ram Hg they concluded that tcpO2 
measurements were a more accurate reflection of 
cutaneous perfusion. Another interpretation is that 
tcpO2 measurements are relatively insensitive in low 
perfusion states. ~5'~6 The results from the present 
study also support a predictive role for transcutaneous 
oximetry with patients who are not clinically 
improved 6 months following revascularisation hav- 
ing lower pre-procedure resting tcpO 2 values com- 
pared to those who respond. 
Since skin perfusion is a major determinant of 
healing of ulcers and amputation wounds laser 
Doppler fluxmetry, which provides continuous infor- 
mation at a cutaneous level to a depth of 6 mm, may 
be of use in disorders characterised by incipient or 
established skin loss. Resting LDF at the toe is usually 
reduced in patients with peripheral ischaemia but 
there is considerable overlap between measurements 
from arteriopaths and healthy subjects. 17"18 This may 
be at least partially explained by the variability of 
resting LDF measurements, which has a reported 
coefficient of variation between 18.7 and 75%. 19-25 
There is a spatial and temporal element to the 
variation 21 which probably reflects inhomogeneous 
microvascular perfusion. This has been confirmed by 
capillary microscopy which has demonstrated a real- 
distribution of blood between non-nutritional and 
nutritional skin vessels of ischaemic areas. 26"27 
Investigators have attempted to reduce the sponta- 
neous variation in LDF measurements in various 
ways, including the use of an integrating probe, 28 
heating the sampled tissue, 29-31 or following circu- 
latory stress. For example, parameters of post-occlu- 
sive reactive hyperaemia such as the peak LDF, the 
time to reappearance of LDF and time to peak LDF 
have been shown to be more repeatable than resting 
LDF values, 19'32-34 with coefficients of variation as low 
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as 8% being reported. 19 The time to peak LDF 
following a period of ischaemic occlusion is closely 
related to total limb vascular esistance 35and can be 
used in patients unable to perform treadmill exercise 
due to severe peripheral ischaemia or cardiorespira- 
tory disease. In healthy subjects peak LDF is usually 
observed 20-30 s following restoration of flow whilst 
in claudicants peak LDF may be delayed for over 60 
s. 32 In severe ischaemia period of artificial occlusion 
simply causes dilatation of more proximal, low- 
resistance vascular beds to which blood flows first. 
Peak LDF to the area studied is therefore delayed for 
several minutes and may be little more than that 
observed in the resting state. 32 
Derangement of the venoarteriolar reflex observed 
during leg dependency in patients suffering from 
peripheral arterial disease has also been quantified 
with laser Doppler fluxmetry. 17'18'36 Whilst LDF at the 
toe is normally reduced by between 30 and 50% when 
supine healthy subjects assume the sitting position, 
LDF in a leg threatened by severe ischaemia increases 
by as much as three-fold during leg dependency. 17 
This response is detected clinically as the hyperaemic 
flushing noted during Buerger's test. Ubbink et aI. 
reported reversal of this disturbance of vasoconstric- 
tion in 24 of 31 patients following revascularisation. 37 
The ability to maintain LDF during elevation of the leg 
is also compromised in peripheral arterial disease 15'3s 
and, in our laboratory, is more reproducible than 
measurement in the dependent position. In discrim- 
inatory terms, an absolute value less than 60% before 
revascularisation was of similar positive and negative 
predictive value to ankle pressure measurements less 
than 50mm Hg and tcpO2 measurements less than 
30 mm Hg, but were not as useful as a time to peak 
LDF in excess of 100s. 
Capillary microscopy enables the study of cuta- 
neous morphology at a more superficial, nutritive 
level (to a depth of less than 0.6 ram) than LDF and has 
also been used to predict he onset of ischaemic lesions 
in the foot. Fagrell and Lundberg identified 122 
patients with digital systolic pressure less than 30 mm 
Hg. 39 Whilst a toe pressure less than 10 mm Hg had a 
58% predictive value for skin necrosis or gangrene 
within 3 months, the morphological observation of 
decreased numbers of blood-filled capillaries pre- 
dicted similar skin changes in 96% of cases. It is not 
clear whether such morphological features are truly 
predictive or are simply reflecting established but 
subclinical necrosis. 
Investigators have compared transcutaneous oxi- 
metry and laser Doppler fluxmetry before and follow- 
ing revascularisation. 24"37"4°~2 Wahlberg et al. have 
recently reported improvement in the time to peak 
LDF following 60 successful infrainguinal reconstruc- 
fions. 42 They also noted that the change in time to 
peak LDF following surgery often correlated better 
with symptomatic outcome than ABPI changes, 
although they were not able to give threshold values. 
In this study we have found both tcpO2 and LDF to be 
of greater prognostic use than either toe or ankle 
systolic pressure measurements. This is not solely due 
to identification of procedures which are at higher risk 
of failure since three procedures were confirmed to be 
patent after 6 months despite a lack of symptomatic 
relief. 
It is not clear why there should be a relationship 
between pre-existing microcirculatory derangement 
and the clinical response to revascularisation. How- 
ever, reperfusion of severely ischaemic tissue may, 
paradoxically, contribute to further tissue damage. 
This is mediated by the formation of oxygen radicals 
and release of chemoattractant mediators, with con- 
sequent leucocyte plugging of capillaries and post- 
capillary venules 43-~6 and endothelial swefling. 47 This 
phenomenon of no-reflow appears to be related to the 
pre-existing duration and severity of ischaemia nd, 
by effectively decreasing run-off capacity , may com- 
promise distal tissue perfusion as well as graft flow. 
Although we did not measure LDF or tcpO2 following 
intervention, experiments in rat limbs following arte- 
rial occlusion have shown the effectiveness of LDF 
monitoring in demonstrating and predicting the no- 
reflow state. 4s Sampling from several sites on the 
affected foot, as well as increased patient numbers to 
aid the selection of cut-off criteria, may also improve 
the predictive value of microcirculatory assessments. 
If this is confirmed, unnecessary attempts at revascu- 
larisation might be avoided with their attendent risks 
of increased mortality and non-healed secondary 
amputations. 
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